We analyze the asymmetric vortices in the flow over a slender body at high angle of attack by numerical simulations aiming a proportional control of the side forces generated by vortices with a device such as dielectric barrier discharge (DBD) plasma actuator. With regard to the computational method, Reynolds averaged Navier Stokes/large-eddy simulation hybrid method is adopted with high-order compact spatial difference scheme. The grid convergence analysis is firstly conducted and the results show that the computational grid adopted in this study is fine enough for qualitative discussion. The total number of the grid point is 411 million points. Then, the effects of bump height on flow fields and aerodynamic characteristics are discussed. Note that bump is added near the body apex to simulate the symmetry-breaking imperfection. As a higher bump is adopted, stronger asymmetry is observed in the flow fields. On the other hand, side-force has nonlinearity with the bump height.
. Introduction
A slender body is a typical body shape of a rocket vehicle and a fore-body of an aircraft. It is generally known that the asymmetric vortices occurred over a slender body when the angle of attack becomes high. 1) This asymmetrically separated vortices produce side force and yawing moment acting on the body, leading to unstable attitude of a vehicle. Therefore, to control the side force and yawing moment can be one of the important research themes. Many studies 2, 3) have been conducted to clarify the generation mechanism of the asymmetric separation vortices and understanding the structure and transport characteristics of the vortices. These previous researches aim at suppression and control of the asymmetric vortices, i.e. the side force using flow control devices. This is because conventional attitude control devices such as a thruster and a rudder are not efficient and not effective to overcome the side force; high-power thruster is needed due to the large side force and the rudder in the wake flow does not work well. Active flow control is one of the effective solutions, and several active flow control devices such as a micro jet and a small moving flap have been proposed and studied 4, 5) ; however, no active flow control device has been put into practical use due to lack of comprehension of its mechanism or difficulty in providing high pressure working fluids.
In recent years, a control method using the dielectric barrier discharge (DBD) plasma actuator gets much attention as the more effective method. 6, 7) The DBD plasma actuator has a quite simple configuration as shown in Fig. 1 . The DBD plasma actuator consists of two electrodes separated by a dielectric and displaced in the stream wise direction. The momentum is added to the boundary layer by setting the actuator on the body surface, and the flow separation can be suppressed. This device has a several advantages such as a fully electronic with no moving parts, extremely fast response, extremely thin and light-weight. There are some previous researches 8, 9) in which the DBD plasma actuator is applied to the active control of the asymmetric vortices over a slender body; the DBD plasma actuator has been installed to the tip of the slender body and only bang-bang control of the side force has been accomplished. The DBD plasma actuator can be easily installed to anywhere on the body surface and it is expected that the proportional control of the side force will be accomplished by multipoint installations of the actuators. However, the numerical simulations of the flow field over the slender body with the DBD plasma actuator has never studied so far.
We attempt to verify the concept of proportional control of the side force using numerical simulations based on the computational fluid dynamics (CFD). In order to do this, it is necessary to clarify the generation mechanism and transport characteristics of the vortices. The purpose of this paper is not to quantitatively be in agreement with the experimental result but to investigate the qualitative flow field over the slender body at high angle of attack. In this paper, following researches are conducted for the first step of our study. ・ Numerical simulations are conducted varying the grid resolution and the height of the bump, which is an asymmetry-breaking disturbance attached to the body apex. Our numerical simulation is validated by comparison with the experimental results reported in previous works, and technical know-how for simulating the asymmetric separation flow over slender body is accumulated. ・
The computational study on the asymmetric vortices over a slender body is conducted toward understanding the characteristics of asymmetric vortices to change the bump height and angle of attack. 
Characteristics of Flow Field over Slender Body at High Angle of Attack
Characteristics of the flow field over a slender body at high angle of attack can be classified into four groups by the apex angle of body and the angle of attack 1) (as show in Fig. 2) . (1) The angle of attack is sufficient low, and the axial flow is much stronger than the cross-flow. The flow separation does not occur. (2) The cross-flow becomes stronger with higher angle of attack, and the cross-flow separates at the side surface. The vortex filaments are shed from the side surface of the apex and are transported to the downstream along the body surface. The vortex structure remains to be symmetric.
When the angle of attack exceeds the threshold value, the vortex filaments separate from the body surface and the vortex structure becomes asymmetric. The asymmetric vortices exert strong side force on the body.
(4)
The flow field is similar to that over a cylinder, and the vortex is periodically shed. In Fig. 2 , the relations of the body apex angle θ c and each angle of attack α are α SV =1.1～1.3θ c ，α AV =2θ c and α UV =70～ 75degrees. 1)
Classifications of the flow around the slender body.
Computational Models

Governing equations
In this study, the three-dimensional compressible Navier-Stokes equations non-dimensionalized by cylinder diameter D are employed as the governing equations. They consist of the mass, the momentum and the energy conservation laws. In the non-dimensional form, governing equations are represented as follows:
Three basic non-dimensional number Re, Pr, and M ∞ denote the Reynolds number, the Prandtl Number and the free stream Mach number respectively:
(4)
Computational schemes
LES/RANS Hybrid method is employed in this study. Because, it is considered that small vortex structures in the region near the body play significant role to decide the overall flow field. A Reynolds-averaged-Navier-Stokes (RANS) model is applied to the region near the body, whereas large-eddy simulation (LES) is applied the region away from the body. The Baldwin-Lomax turbulence model is used for the RANS computation. In standard LES approach, additional stress and heat flux terms are appended, but in implicit large eddy simulation (ILES) approach 10) they are not appended.
Instead, a high-order low-pass filter selectively damps only the poorly resolved high-frequency waves. In this study, ILES approach is adopted. This filtering regularization procedure provides an attractive method to the use of standard sub-grid-scale (SGS) models.
With regard to the spatial differencing, sixth-order compact scheme is employed, while sixth-order tri-diagonal filter is together used for numerical stability. 11, 12) For time integration, a kind of implicit method Lower-Upper Symmetric Alternating Direction Implicit and Symmetric Gauss-Seidel (ADI-SGS) 13, 14) is used. This algorithm uses same kind of idea of Four-Factored Symmetric Gauss-Seidel (FFSGS) 15) which adopts both ideas of the Lower-Upper Symmetric Alternating Direction Implicit (LU-ADI) and the Lower-Upper Symmetric Gauss-Seidel (LU-SGS). To ensure the time accuracy, backward second-order difference formula is used for time integration whereas three sub-iterations 16) are adopted.
Computational Setup
Flow conditions
Free stream Mach number is M ∞ =0.3. This freestream Mach number is slightly higher than that in the experiment by Nishida et al. 17) However, the value is low enough that the compressibility of fluid is almost negligible. Therefore, the flow field obtained by our simulation is comparable to that obtained by the experiment. Other flow conditions are experimental condition by Nishida et al. 17) Reynolds number based on the cylinder diameter is Re=3.0×10 4 . The Prandtl number set to be 0.72.
Computational models
In this study, a slender body shape and computational conditions in the simulation are the same as those in the experiment by Nishida et al. for comparison with the experimental results. 17) The slender body shape considered in the simulation is like a pencil, which consists of a cone and a cylinder (height ratio 1:1). The detailed dimension and shape are shown in Fig. 3 and Table 1 . The body apex angle is 18 degrees, and therefore, according to the discussion in the Sec. 2, the asymmetric vortices appear over the body at the angle of attack of from 38 to 70 degrees. 
Computational grid
Three different grid resolution types of computational grid are generated to clarify grid resolution dependency. Generated computational grid called "Fine grid", "Medium grid", and "Coarse grid" in order of high resolution. The grid point of Fine grid is 2 times that of Medium grid each direction. On the other hand, Grid points of Coarse grid is 2 1/ times that of Medium grid each direction. Figure 4 shows the Fine grid. The fine computational grid consists of 219 axial (j) points, 186 circumferential (k) points, and 101 normal (l) points. The minimum grid spacing of body surface in the laminar boundary layer needs to take smaller than Re 08 . 0 min = y . 
Geometrical disturbance (bump)
It has been reported in previous studies 18, 19) that a symmetry-breaking imperfection is needed to make the separation vortices asymmetry. In the actual flight condition or the wind tunnel experiment, the freestream turbulence and imperfection of the body shape break the symmetry. To simulate the symmetry-breaking imperfection geometrical disturbance (bump) is added near the body apex according to the reference. 18) This disturbance represents various disturbances such as the small surface roughness on experimental models and freestream turbulence. Different four height bumps are shown in Fig. 5 . These four shapes are generated to find out the effect of the bump height. The height of the bump is the only varying parameter. The height of the bump ranges from 0.033D to 0.01D, the length of the bump was 0.05D and it was located at 90 degrees circumferentially from the windward meridian. 
Validation Study of the Computational Methods
First, we investigate the dependency of the solution on the computational setup and validate the numerical technique by comparing with the previously reported experimental results. Figure 6 shows the computational results without bump for three grid resolutions. As the grid resolution increases smaller vortices, which are instantaneously fed, can be captured at the LES region. However, there is not much difference among flow structures obtained by the three computational grids from the view point of the time averaged flow. Therefore, it can be concluded that the grid resolution is high enough to discuss 
Grid convergence
Effect of bump
In this section, the effect of the existence of the bump on the flow structure is discussed. Figure 7 shows the comparison between the flow structure without the bump and that with the large bump; the two-dimensional cross-flow structure at the distance x/D=4.5 from the body apex and the angle of attack of 40 degrees. The schematic of the asymmetric vortexes structure reported in the previous study 2) is also shown in Fig.  7 for comparison. It can be observed in Fig. 7 that the almost symmetric vortex structure is obtained for the case without the bump, whereas the strong asymmetric vortex structure is obtained for the case of the large bump. The strong asymmetric flow with the large bump is qualitatively in good agreement with that reported in the previous study. 2) Without Large
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Windward X axis vorticity 1.5 -1.5 Fig. 7 . Flow structure in cross-flow plane. Figure 8 shows the computed two-dimensional cross-flow structure and the PIV measurement result of flow field by Nishida et al. 17) at the distance x/D=4.5 from the body apex, and the angle of attack of 40 degrees. Computational results for 4 types of the bump are shown in Fig. 8, and the result for the case of the medium bump is qualitatively in good agreement with the experimental result. Figure 9 shows the side force coefficient plotted against the angle of attack; both the simulation results and the experimental results by Nishida et al. 17) are shown. It can be observed the difference between the side force coefficient of numerical simulation with large bump and that of experiment. 17) The computational result is expected to be made closer to the experimental result by regulating the bump size between medium and small. As discussed in this section, the numerical technique used in this study can correctly simulate the characteristics of the time averaged flow field over the slender body at high angle of attack. Although the quantitative difference is observed between the numerical and experimental results, it is indicated as reported in the previous work 19) that the computational result can be made closer to the experimental result by choosing the property-sized bump. The bump is needed to simulate the flow field over the slender body at high angle of attack from the qualitative viewpoint, and it is numerical technique based on the physical basis. Therefore, it is concluded that our numerical method has sufficient capability to address our research purpose.
Characteristics of Flow Field and Side Force
Next, the computational study on the asymmetric vortices over a slender body is conducted toward understanding the characteristics of asymmetric vortices to change the bump height and angle of attack.
Effect of bump height
In this section, the effect of bump height on time averaged flow-fields and aerodynamic characteristics are discussed.
The simulation is conducted with progressively reducing the bump height each 10 5 steps. The large bump is switched to the medium bump at 10 5 steps. The medium bump is switched to the small bump at 2 × 10 5 steps. The small bump is switched to the without bump at 3×10 5 steps. Figures 10 to 12 show the computational results for four types of the bump height. The angle of attack fixed at α=40 degrees.
Time averaged x-directional vorticity distributions and the surface pressure distributions are shown for each bump height in Fig. 10 . The strong asymmetric vortex structure can be observed in Figs. 10 (a) and (b). At (a), the disturbance created by the bump at the nose grows rapidly during the transportation by the flow and results in the strong asymmetric vortex structure indicated by the red arrow. Removal of the bump makes the asymmetric flow return to the undisturbed symmetric structure (see Fig. 10 (d) ). This result confirms that the asymmetric flow structure is the result of a convective instability. 2) At (a) and (b), the vortex filament, which is generated at the bump (starboard side of the body), is separated from the body surface during the convection along the body (the separation points are indicated by the arrow numbered 1 in Fig. 10 (a) and the arrow numbered 2 in Fig. 10  (b) ). The separation point of the vortex filament is estimated from visualization results of x directional vortex structure and iso-surface of second invariant of the velocity gradient tensor.
At the separation point of the vortex filament, the new third vortex filament is generated. The vortex filament from the body nose separates at upper position of the body (closer position of the nose) when the bump height higher. Figures 11 and 12 show the time history of the side force coefficient and that of the yawing moment coefficient when the center of gravity is at 55% from the body axis; the bump height was progressively changed in the simulation, respectively. As shown in Fig. 11 , the nonlinear change in the side force is caused by the change of the bump height. On the other hand, as shown in Fig. 12 , the yawing moment coefficient is monotonically decreased by the change of the bump height but is almost nonlinearly changed. The reason of the nonlinear change in the side force can be explained by focusing on the local side force distributions along the body axis. The sign of the sectional side force inverses at the separation point of the vortex filament, where the third vortex filament is generated as shown in Fig. 13 . This characteristic of the sectional side force distributions is in good agreement with the knowledge obtained in a previous experimental study. 3, 20) Therefore, the side force is comparable value between with the large bump and the medium bump instead of stronger asymmetricity in the vortex structure with the large bump. As the results, the relationship between the side force and the bump height is nonlinear. This result indicates that the flow field should be carefully checked even if the simulation result of the side force is quantitatively in good agreement with the experimental result. 
Effect of angle of attack
In this section, the effect of angles of attack on time averaged flow fields with large bump is discussed.
Time averaged x-directional vorticity distributions and surface pressure distributions at various angles of attack are shown in Fig. 14. As shown in the figure, the flow fields are asymmetric in all cases. It can be observed that the third vortex filament indicated by the all red allows in Fig. 14 is separated from the body surface. Furthermore, it can be observed that the asymmetricity of the vorticities becomes stronger as the angle of attack becomes higher, and the third vortex filament indicated by the arrow numbered 3 in Fig. 14  (d) and the arrow numbered 4 in Fig. 14 (e) shed from the apex separates away from the body at upper position (closer position to the apex) when the angle of attack becomes higher; the third vortex filament is generated at upper position of the body when the angle of attack becomes higher.
The side force coefficient of the computational result is expected to be made closer to that of the experimental result by choosing the properly-sized bump is indicated in Sec.5.1.2.
Note, however, that the relationship between bump size and side force coefficient is nonlinear (see Fig. 11 ). These flow-structure changes depending on the angle of attack are qualitatively consistent with the results obtained by the previous researches. 2 
Summary
In this paper, we analyzed the asymmetric vortices in the flow over the slender body using three-dimensional RANS/LES hybrid CFD simulations.
First, the technical know-how for simulating the asymmetric separation flow over slender body was validated by parametric study of the grid resolution and the bump height. As the grid resolution increases, there is not much difference among flow structures obtained from the view point of the time averaged flow. It can be concluded that the grid resolution is high enough to discuss the time averaged flow field. In addition, the qualitatively good agreement correlation between the numerical and the experimental results is obtained by adding geometrical disturbance (bump) to the body apex. The quantitative difference between computational result and experimental result is thought to be caused by too large bump.
The computational result is expected to be made closer to the experimental result by choosing the properly-sized bump.
According to these results, it is concluded that the numerical method adopted in this study has sufficient capability to address our research purpose.
Next, the computational study on the asymmetric vortices over a slender body is conducted toward understanding the characteristics of asymmetric vortices to change the bump height and angle of attack. When the angle of attack or the bump becomes higher, the asymmetricity of vorticities becomes stronger. The vortex filament shed from the apex separates away from the body at upper position (closer position to the apex), a third vortex filament is generated at the separation point of the vortex filament. The sign of the sectional side force is inversed at the separation point of the third vortex filament. This behavior of the flow field leads to the nonlinear relation between the bump height and the side force. There is a possibility that the amplitude of the side force does not change even if the bump height changes.
Future Works
We will conduct numerical simulations of the flow field over the slender body with the DBD plasma actuator, and investigate the flow control effect on the separation vortices.
The effective layout and operation method of the DBD plasma actuator for proportional control of the side force will be discussed. The results obtained by the simulation will be validated by experiments.
